Ains-To analyse the cell cycle and DNA histogram components in data from DNA static cytometry and, in particular, to investigate the influence of the length of time the slides are exposed to the light of the cytophotometer in evaluating the GJG, peak. Recently investigation has started into the specific recommendations useful for an objective and reproducible analysis of the nuclear DNA content. The topic currently under investigation is a feasibility study of cell cycle analysis in DNA static cytometry. Initially, manual and automatic (computer aided) methods were considered.45 Then it was decided to use an automatic method for cell cycle analysis whose software (Multicycle) was installed in the computer of our IBAS Kontron image analyser. Before our study was undertaken, it was shown that the computer aided determination of the S phase fraction seems to be feasible in DNA static cytometry on Feulgen stained cytological material, even though large coefficients of variation for the GJG, peaks were obtained.67 This was seen as a serious problem, because large values preclude discrimination between two populations with a similar DNA content.
Abstract
Ains-To analyse the cell cycle and DNA histogram components in data from DNA static cytometry and, in particular, to investigate the influence of the length of time the slides are exposed to the light of the cytophotometer in evaluating the GJG, peak.
Methods-DNA static cytometry was performed on 18 Feulgen stained imprints and six histological sections taken from six breast carcinomas. The total optical density values obtained were analysed using software commercially available as Multicycle. DNA flow cytometry was performed on the same cases. Results-The proportions of nuclei related to the cell cycle components from DNA static cytometric data, obtained from Feulgen stained cytological smears, were almost identical with those obtained from DNA flow cytometric data. Moreover, additional information was obtained from the DNA static cytometry frequency histogram and the proportions of nuclei below the diploid G,IG, peak and above the G2 phase. Discrepancies between DNA static cytometry and DNA flow cytometry were seen in the large coefficients of variation of the GoJG, peaks obtained with the former method of analysis, even though a better correspondence was found when the exposure time of the slides to the light of the cytophometer was conspicuously shortened. The information obtained from histological sections seemed to be similar to that obtained from DNA flow cytometry when a single cell population was present; a single cell population was detected in two out of the three cases in which two distinct populations had been present in DNA flow cytometry.
Conclusions-The computer analysis of DNA static cytometric data obtained from Feulgen stained cytological specimens provides the type of information on the cell cycle which is usually obtainable only from DNA flow cytometry. Correspondence with the DNA data from histological sections, however, was poor.
(J Clin Pathol 1993;46:795-800)
At the Porto Meeting hold in September 1989, the officers of the Committee for Diagnostic Quantitative Pathology (formerly a Working Group of the European Society of Pathology) decided to create a subcommittee dealing with the standardisation of nuclear DNA content analysis.' This subcommittee was entrusted with the plan of investigating the variations in DNA static cytometry, and with giving specific advice for an objective and reproducible analysis of the nuclear DNA. The nature and sources of variations in the successive steps of the DNA evaluation were investigated by exploring the influence of the methods of preparing the material and the analysis techniques in DNA static cytometry. The results have already been covered in previous papers. They show that general agreement and optimisation for cell preparation procedures, cytochemistry, and feature analysis, as well as data handling and interpretation, are essential to permit meaningful comparisons of DNA static cytometry results from different laboratories. 23 Recently investigation has started into the specific recommendations useful for an objective and reproducible analysis of the nuclear DNA content. The topic currently under investigation is a feasibility study of cell cycle analysis in DNA static cytometry. Initially, manual and automatic (computer aided) methods were considered.45 Then it was decided to use an automatic method for cell cycle analysis whose software (Multicycle) was installed in the computer of our IBAS Kontron image analyser. Before our study was undertaken, it was shown that the computer aided determination of the S phase fraction seems to be feasible in DNA static cytometry on Feulgen stained cytological material, even though large coefficients of variation for the GJG, peaks were obtained.67 This was seen as a serious problem, because large values preclude discrimination between two populations with a similar DNA content.
Methods
The study was performed on six cases of infiltrating ductal carcinoma of the female breast. These had already been collected for the purpose of evaluating the DNA index and the ploidy pattern in DNA flow cytometry. The fresh tumour tissue was divided into two parts with a scalpel. Eighteen imprints-three per case identified as imprint A, B, and Cwere obtained by touching the freshly cut surface with glass slides. These cytological preparations were air dried for 30 of the G/Gj peak (GlCV). The DNA index (DI) was calculated as the ratio of the mean channel value of the Go/G, peak of the tumour cell population to that of the G/G, peak of 100 small malignant stromal lymphocytes (internal diploid reference) whose total optical density values were multiplied by a factor of 1-4 to compensate for the "proportionality error".7 When two distinct tumour cell populations were present on the frequency histogram, DI was the ratio of the second GJ/G, peak to the first GIG1 peak.
The proportions of nuclei on the histogram below the first G/G, peak (% < Gl) and above the G, phase (% > G2) were also evaluated. % < Gl and % > G2 were calculated in relation to the number of nuclei measured for each case-1000 nuclei; %G1, %S, and %G2 expressed the relative proportion of nuclei in the three phases of the cell cycle.
The DNA flow cytometric analysis was performed on fresh tumour tissue. The specimen was mechanically dissociated and then stained with propidium iodine. Axillary lymph node tissue (without secondary deposits) was used as a diploid reference. The nuclear suspensions were analysed on a FACScan flow cytometer (Becton Dickinson, Mountain View, California USA). A total count of at least 20 000 pulses was measured for the DNA distribution, displayed, and recorded as a 256 channel histogram, %G1, %S, and %G2, as well as the GlCV and DI, were evaluated using the DNA Cell-Cycle Analysis Software (Version C 5/87, Polynomial Model).
Results
The cases investigated were divided into two groups on the basis of the number of G/G1 peaks present in DNA flow cytometry. One group contained three cases with one peakthat is, a single cell population (cases 1 to 3); the other group included the remaining three cases which were characterised by two peaks-that is, two cell populations (cases 4 to 6). The data are reported in tables 1 with a DNA index of 10 was observed in the static cytometric values were, in general, both. greater than 13, reaching a maximum of Three out of the six cases investigated were 16 3-that is, more than double those in flow grouped together because the DNA flow cytometry, where the values available were cytometric analysis showed two distinct lower than 5. When the analysis time was peaks, the first diploid and the second aneu-shorter than three hours, however, the ploid (diploidy and aneuploidy refer to DNA G1CVs in the 12 imprints B and C, intermediploidy and DNA aneuploidy and not to diate between those observed in DNA static chromosomal aneuploidy). Unfortunately, cytometry with seven hours of analysis and the cell cycle had not been evaluated in these those obtained in DNA flow cytometry, were, three cases at the time of the original DNA in general, lower than 10, with a minimum of flow cytometric analysis, nor had the values 6-5. For the data relating to the histogram of the computer files been stored for further and cell cycle evaluation, the time of analysis analysis. The histogram pattern of the DNA only yielded small differences between static cytometry values analysed using the imprints A, B, and C. Multicycle software, however, was similar to
In all the 18 imprints a small percentage of that obtained with DNA flow cytometry (figs nuclei (usually less than 1%) was always pre-2 and 3). The DI was almost identical in both sent in the histogram region below the first types of DNA analysis. Discrepancy was G01G, peak, most being in that part of the observed in the GlCVs. In particular, when region between half the mean channel value the static cytometry analysis time was longer of the GO/Gl peak and the beginning of the than seven hours (as in the six A imprints), G/G, curve. The proportion of nuclei above Smeulders and Dorst'5 showed that the DNA histogram data obtained by measuring 1100 cells in density mode were almost identical with those obtained with more than 50 000 nuclei analysed by flow cytometry in fluorescence mode. One could object that, when using a 256 channel histogram, the sample size:dimension ratio (the number of nuclei measured in relation to the number of intervals or channels on the abscissa of the histogram) is too low to obtain significant results and too close to the lowest theoretical limit of a ratio of 3:1.1617 When the data were also plotted with 30 to 50 intervals or channels with a ratio of 20 to 30, however, there were no substantial differences with the 256 channel representation.
Another cause of the discrepancy between DNA static cytometry and DNA flow cytometry could be the selection method.'8 The vertical stratified selection method was preferred to that called "at convenience" (measuring objects at will while scanning through the slide), because the former allows the user to measure 1000 sequential nuclei, mimicking the conditions of flow cytometry, if lymphocytes, pyknotic (apoptotic), and poorly preserved nuclei are excluded from the analysis. 
Several ways to evaluate DNA static cytometry data have been devised, the most popular being the histogram classification by Auer et al.8 This, however, is subjective. Boecking and his group proposed a well known mathematical approach to the evaluation of the DNA data. 19 The two main problems with most DNA related features proposed are, firstly, that they are calculated in relation to the diploid reference, usually lymphocytes. This shows some degree of proportionality error when optical density is evaluated in Feulgen stain; and, secondly, that there is no agreement on the thresholds for the ploidy regions.3202' At the same time the approach to evaluating the DNA static cytometry data adopted in most published studies seems to be quite different from that adopted in flow cytometry, a technique in which the features are directly related to the cell cycle.2 Our basic idea has been that the approach to analysing the DNA static cytometry features should basically be identical to that in flow cytometry and that the language used in both techniques should be the same. Based on the results obtained in the present study as well as in previous papers167 this would seem to be feasible. Therefore, the comparison between the two techniques has been based on common ground. When this approach was first adopted, one of the main problems was that the CVs of the Gd/G1 peaks obtained in DNA static cytometry were more than twice as high as those in DNA flow cytometry--1 5 v < 5, respectively, thus precluding any possibility of detecting peaks which in DNA static cytometry were very close. A considerable reduction in the CVs of the G/G1 peaks has been achieved by reduc- ing the analysis time from more than seven hours to less than three. In fact, the CVs then ranged from 6-5 to -10. These values are quite similar to those obtained by Smeulders and We do not have any direct evidence that the nuclei, which in DNA static cytometry appear in S and G2 phases, are all related to the synthetic phase of the cell cycle. In an earlier study, however, the percentage of nuclei in the S region determined in DNA static cytometry and DNA flow cytometry was similar to that of the darkest proliferating cell nuclear antigen-stained nuclei, which correspond to nuclei in the synthetic phase.6 Recently, Kouvidou et aP3 presented a more elaborate approach, using a computed system to relocate the cells on the slide. They showed that the nuclei corresponding to the S phase on the histogram were also positive for proliferation markers specific for this part of the cell cycle.
In all the cases we evaluated there was always a certain percentage of nuclei in the region below the G/G1 peak. This is a poorly investigated region which might have prognostic importance but which cannot be fully investigated in DNA flow cytometry because the optical resolution is zero, so the objects analysed can not be seen by the observer. As we measured only well preserved nuclei, those contained in this region may represent elements with a reduced DNA content. This could be due to an unequal distribution of chromosomes at the time of nuclear division-cells whose sisters are roughly triploid. Alternatively, the reduced DNA content could be related to the presence of acid-labile DNA removed at the time of acid hydrolysis. This was well investigated by Sincock24 in cases of cervical intraepithelial neoplasia. Interestingly, we observed that apoptotic nuclei have a DNA content lower than that of diploid nuclei and occupy the histogram region below the diploid (unpublished data). This observation is similar to that made by Telford et aP5 who investigated the region below the G/G, phase, termed the AO region, using flow cytometry. They showed that the appearance of the A0 region may be the consequence of extensive changes in chromatin structure. Arends et aP6 investigated this further and observed that there is partial loss of DNA content in apoptotic nuclei after chromatin digestion with hydrochloric acid. This finding agrees with Sincock's observations that the dysplastic and neoplastic nuclei contain a certain percentage of DNA that is rapidly removed after acid hydrolysis.24 In the light of the work by Telford et aP5 and Arends et aP6 the nuclei we observed in the region below the GJG, peak may be related to the apoptotic phenomenon and in some way considered a feature of tumour regression.
The percentage of nuclei above the G2 phase corresponds to the 5c Exceeding Rate proposed by Boecking et al. ' 9 Because the latter was not calculated in our study, we do not have any direct evidence of the degree of correspondence in terms of values between the two features. % > G2, however, is easy to identify because its lower limit is clearly identifiable as the upper limit of the Gaussian curve superimposed on G2, and is linked neither to the thresholds of the 4c or 5c component, nor to the diploid reference.
In our study some correspondence was observed between DNA flow cytometry and DNA static cytometry in histology in imprints with DNA static cytometry in those cases in which a single cell population was shown. In contrast, correspondence was poor when two populations were present, due to the fact that the nuclei are cut. Therefore, the loss of one part of the nucleus influences the distribution of the nuclei in the different regions of the cell cycle and of the histogram. '4 This means that the data obtained from sections can not be considered as reliable as those from cytological preparations. This result also strengthens the widely held idea that nuclear DNA content evaluation in histology should be avoided unless to identify specific cells to be measured. 27 In conclusion, the information obtained with DNA static cytometry in cytological preparations can at least be considered equivalent to that from DNA flow cytometry. The former could be considered preferable because it can simultaneously quantify several additional features related to the nucleus (such as chromatin pattern) and to the cytoplasm (such as size or type of contents). Moreover, an experienced histo-or cytopathologist can use the visual acumen to identify and measure specific cell populations. The analysis time in DNA static cytometry however, has to be shortened further and kept within a more reasonable period, while allowing the examiner to continue to retain a precise idea of what the instrument is measuring.
